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The study of WZ and ZZ (referred to collectively as VZ) diboson production in proton-proton collisions provides an important test of the gauge sector of the standard model (SM). In $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\hbox {H}} \rightarrow {\mathrm {b}}\overline{{\mathrm {b}}} $$\end{document}$ decays. The production rate of two vector bosons in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {p}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {p}$$\end{document}$ collisions at the Large Hadron Collider (LHC) has been measured by the ATLAS and Compact Muon Solenoid (CMS) Collaborations in all-leptonic WZ and ZZ decay modes \[[@CR2]--[@CR5]\].

We present a measurement of the VZ production cross sections in the $\documentclass[12pt]{minimal}
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CMS detector, triggering, object reconstruction and event simulation {#Sec2}
====================================================================

A description of the CMS detector can be found in Ref. \[[@CR6]\]. Particles produced in $\documentclass[12pt]{minimal}
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The 1-lepton channels rely on several single-lepton triggers with $\documentclass[12pt]{minimal}
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A combination of several triggers is used for the events without charged leptons: all triggers require $\documentclass[12pt]{minimal}
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Electron reconstruction requires a match of a cluster in the ECAL to a track reconstructed in the silicon tracker \[[@CR7]--[@CR9]\]. Electron identification relies on a multivariate technique that combines observables sensitive to the amount of bremsstrahlung emitted along the electron trajectory, the match in position and energy of the electron trajectory with the associated cluster, as well as the energy distribution in the cluster. Additional requirements are imposed to minimize background from electrons produced through photons converting into $\documentclass[12pt]{minimal}
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Muons are reconstructed using two algorithms \[[@CR10]\]: one in which tracks in the silicon tracker are matched to signals in the muon chambers, and another in which a global fit is performed to the track that is seeded by signals detected in the outer muon system. The muon candidates are required to be reconstructed by both algorithms. Additional identification criteria are imposed on muon candidates to reduce the fraction of tracks misidentified as muons. These include the number of hits reconstructed in the tracker and in the muon system, the quality of the global fit to a muon trajectory, and its consistency with originating from the primary vertex. Muon candidates are finally required to fall in the $\documentclass[12pt]{minimal}
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Jets are reconstructed from particle-flow \[[@CR11], [@CR12]\] objects using the anti-$\documentclass[12pt]{minimal}
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The CMS combined secondary-vertex (CSV) b-tagging algorithm \[[@CR18]\] is used to identify jets that are likely to originate from the hadronization of b quarks. This algorithm combines the information about track impact parameters and secondary vertices in a discriminant that distinguishes $\documentclass[12pt]{minimal}
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The b-jet energy resolution is improved by applying multivariate regression techniques similar to those used in the CDF experiment \[[@CR19]\]. An additional correction, beyond the standard CMS jet energy corrections, is derived from simulated events to recalibrate each b-tagged jet with the generated $\documentclass[12pt]{minimal}
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Simulated samples of events are produced using several event generators, and the response of the CMS detector is modeled using the [Geant4]{.smallcaps} program \[[@CR22]\]. The [MadGraph]{.smallcaps} 5.1 \[[@CR23]\] generator is used to generate the diboson signals, as well as the background from W+jets, Z+jets, and $\documentclass[12pt]{minimal}
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Event selection {#Sec3}
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Multivariate analysis {#Sec4}
---------------------

The signal region is defined by events that satisfy the V and Z boson reconstruction criteria described above. To optimize the significance of the signal as well as the $\documentclass[12pt]{minimal}
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To better discriminate between signals and background, the final stage of the analysis introduces a BDT discriminant trained on simulated samples for signal and all background processes. The set of input variables is identical to the one used in Ref. \[[@CR17]\], and includes the mass of the $\documentclass[12pt]{minimal}
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Figure [1](#Fig1){ref-type="fig"}(a) displays the combined differential distribution for events from all channels as a function of the logarithm of the signal-to-background (S/B) ratio of the values of the output of the corresponding S and B contributions to the BDT discriminants of each event. Panel (b) gives the ratio of the data (black points) to the SM expectation (histogram) relative to the background-only hypothesis, while panel (c) gives the ratio to the expectation from the SM, including the VZ contribution. The excess observed in bins with largest S/B is clearly consistent with what is expected for VZ production in the SM.Fig. 1**(a)** Combined distribution for all channels in the value of the logarithm of the ratio of signal to background (S/B) discriminants in data and in Monte Carlo (MC) simulations, based on the outputs of the S and B BDT discriminants for each event. The two bottom panels display **(b)** the ratio of the data and of the SM expectation relative to the background-only hypothesis, and **(c)** data relative to the expected sum of background and VZ signal. The error bars and the cross-hatched regions reflect total uncertainties at 68 % confidence level

Two-jet mass analysis {#Sec5}
---------------------

As a cross-check of the multivariate analysis, we perform a simpler analysis based on the $\documentclass[12pt]{minimal}
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In the 0-lepton and 1-lepton channels, the b-tagging requirements are tightened, respectively, to a tight $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {CSV}_{\text {max}}$$\end{document}$ and a medium $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {CSV}_{\text {min}}$$\end{document}$. A veto is also imposed on any additional jets, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \phi (\mathrm {V},\mathrm {Z})$$\end{document}$ is required to be $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${>}2.95$$\end{document}$ radians. The regions of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$100<p_{\mathrm {T}} ^{\mathrm {V}}<130\,\text {GeV} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$130<p_{\mathrm {T}} ^{\mathrm {V}}<180\,\text {GeV} $$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\mathrm {V}}>180\,\text {GeV} $$\end{document}$ are used to analyze the 1-muon channel, and the regions for the 1-electron channel are defined as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$100<p_{\mathrm {T}} ^{\mathrm {V}}<150\,\text {GeV} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\mathrm {V}}>150\,\text {GeV} $$\end{document}$. The selected regions for the 0-lepton channel are identical in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\mathrm {V}}$$\end{document}$ to the requirements used in the multivariate analysis, but we define ranges of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p_{\mathrm {T}}}^{{\mathrm {b}}\overline{{\mathrm {b}}}}>110\,\text {GeV} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p_{\mathrm {T}}}^{{\mathrm {b}}\overline{{\mathrm {b}}}}>140\,\text {GeV} $$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p_{\mathrm {T}}}^{{\mathrm {b}}\overline{{\mathrm {b}}}}>190\,\text {GeV} $$\end{document}$, and impose an additional threshold for the jet of highest $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${>}80\,\text {GeV} $$\end{document}$ for the region of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p_{\mathrm {T}}}^{{\mathrm {b}}\overline{{\mathrm {b}}}}>140\,\text {GeV} $$\end{document}$. For the 2-lepton channels, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\mathrm {V}}$$\end{document}$ ranges are defined by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$100<p_{\mathrm {T}} ^{\mathrm {V}}<150\,\text {GeV} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} ^{\mathrm {V}}>150\,\text {GeV} $$\end{document}$, and, in addition, we require medium $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {CSV}_{\text {max}}$$\end{document}$ and moderate $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {CSV}_{\text {min}}$$\end{document}$ thresholds, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm {T}}^{\text {miss}} < 60\,\text {GeV} $$\end{document}$.

Figure [2](#Fig2){ref-type="fig"}(a) combines events from all channels into a single $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{{\mathrm {b}}\overline{{\mathrm {b}}}}$$\end{document}$ distribution, which is compared to expectations from the SM. Figure [2](#Fig2){ref-type="fig"}(b) shows the same distribution, but after subtracting all SM contributions except for the VZ signals and VH backgrounds. The VZ signal is clearly visible, with a yield compatible to that expected in the SM.Fig. 2**(a)** The combined $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {b}}\overline{{\mathrm {b}}}$$\end{document}$ invariant mass distribution for all channels, compared to MC simulation of SM contributions. **(b)** Same distribution as in (a), but with all backgrounds to VZ production, except for the VH contribution, subtracted. The contributions from backgrounds and signal are summed cumulatively. The expectations for the sum of VZ signal and background from VH production are also shown superimposed. The error bars and cross-hatched regions reflect statistical uncertainties at 68 % confidence level

Background calibration regions and systematic uncertainties {#Sec6}
===========================================================

Calibration regions in data are used to validate the simulated distributions used to build the BDT discriminants, as well as to correct normalizations of the major background contributions from W and Z bosons produced in association with jets (LF or $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\overline{\mathrm {t}}$$\end{document}$ production. These calibration regions are identical to those of Ref. \[[@CR17]\], and typically involve inversion of b-tag selection criteria and two-jet mass sidebands around the signal region. A set of simultaneous fits is then performed to distributions of discriminating variables in the calibration regions, separately for each channel, to obtain consistent scale factors that are used to adjust the yields from simulated events. These scale factors account not only for discrepancies between predicted cross sections and data, but also for any residual differences in the selection of physical objects. Separate scale factors are consequently applied for each of the background processes in the different channels. For the backgrounds from V+jets, the calibration regions are enriched in either $\documentclass[12pt]{minimal}
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The systematic uncertainties considered in the measurement of the cross section using the multivariate analysis are summarized in Table [1](#Tab1){ref-type="table"}. The two columns give the uncertainty in the "signal strength" $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ for the WZ and ZZ processes, which corresponds to the ratio of the observed yield relative to the yield expected from the SM. Each systematic uncertainty is represented by a nuisance parameter and profiled in the combined fit. To evaluate the impact of individual uncertainties a fit to a simulated pseudo-dataset is performed removing individual nuisance parameters.Table 1Sources of systematic uncertainty, including whether they affect the distribution (dist) or normalization (norm) of the BDT output, and their relative contributions to the expected uncertainty in the signal strengths $\documentclass[12pt]{minimal}
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Theoretical uncertainties in the acceptances are evaluated using the [mcfm]{.smallcaps} \[[@CR1]\] generator by changing the QCD factorization and renormalization scales up and down by a factor of two relative to the default scales of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _s$$\end{document}$ on the cross section and acceptance of the VZ signal are evaluated following the PDF4LHC prescription \[[@CR35], [@CR36]\], using CT10 \[[@CR37]\], MSTW08 \[[@CR31]\], and NNPDF2.0 \[[@CR38]\] sets of PDF, and the combined uncertainty is found to be 5 % for both WZ and ZZ production. Because of the large $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} ^{\mathrm {V}}$$\end{document}$ values required in this analysis, the results are sensitive to electroweak (EW) and NNLO QCD corrections, both of which can be significant. Since the exact corrections for the VZ process are not available, we use the NLO EW \[[@CR39]--[@CR41]\] and next-to-next-to-leading-order (NNLO) QCD \[[@CR42]\] corrections to VH production, and apply these to the VZ channel, because they are expected to be similar for the two processes. Based on the size of the correction, an additional 10 % uncertainty is assigned to the inclusive cross section to account for the extrapolation to the $\documentclass[12pt]{minimal}
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The uncertainty in CMS luminosity is estimated to be 2.6 % \[[@CR43]\]. Muon and electron triggering, reconstruction, and identification efficiencies are determined in data from samples of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z}\rightarrow \ell ^{+}\ell ^{-}$$\end{document}$ decays. The uncertainty in the lepton yields due to trigger inefficiency is 2 % per lepton, as is the uncertainty in lepton identification efficiency. The parameters describing the turn-on in the trigger efficiency in the 0-lepton channel are varied within their statistical uncertainties for different assumptions on the methods used to derive the efficiency. The estimated uncertainty is 3 %.

The jet energy scale is also varied within its uncertainty as a function of jet $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$, and the efficiency of the selections is then recomputed to assess the dependence on these variables. The effect of this uncertainty on the jet energy resolution is evaluated by smearing the jet energies according to their measured uncertainties, a process that affects both the normalization and distribution of events. An uncertainty of 3 % is assigned to the yields of all processes in the 0-lepton and 1-lepton channels due to uncertainties related to $\documentclass[12pt]{minimal}
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Scaling factors to normalize b-tagging in simulation to that in data (measured in $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {b}}$$\end{document}$ enhanced samples of jets that contain muons) are applied consistently to jets in simulated signal and background events. The measured uncertainties in b-tagging scale factors are 3 % per b-quark jet, 6 % per c-quark jet, and 15 % per mistagged jet (originating from a gluon or from a light quark) \[[@CR18]\]. These translate into uncertainties in yields of 3--15 %, depending on channel and specific process. The BDT output is also affected by the distributions of the CSV output, and an uncertainty is therefore assigned according to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\pm }1$$\end{document}$ standard deviation (SD) variation in yield and shape of the CSV distributions.

Finally, the sizes of the simulated samples, as well as uncertainties in generator-level modeling of V+jets and $\documentclass[12pt]{minimal}
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Results {#Sec7}
=======

The total cross sections are determined from a simultaneous fit to all final states, constrained by the number of events observed in each category. The likelihood is written as a combination of individual channel likelihoods for the signal and background hypotheses. We extract the best-fit values of the signal strength assuming the SM expectation for the ratio of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma {(\mathrm {W}\mathrm {Z})}/\sigma {(\mathrm {Z}\mathrm {Z})}$$\end{document}$ at NLO. Using the baseline multivariate analysis, the VZ process is observed with a statistical significance of 6.3 SD (5.9 SD expected). The measurement corresponds to a signal strength relative to the SM of $\documentclass[12pt]{minimal}
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The cross sections extracted from the individual channels are consistent with each other and with the SM predictions, as can be seen in Fig. [3](#Fig3){ref-type="fig"}(a). To extract the WZ and ZZ cross sections, a simultaneous fit is performed floating independently the WZ and ZZ contributions, with results displayed in Fig. [3](#Fig3){ref-type="fig"}(b). The most likely values are $\documentclass[12pt]{minimal}
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